This study investigates the water balance of the Yangtze River Basin (YRB) during 2003-2012 using the Tropical Rainfall Measuring Mission precipitation, the Moderate Resolution Imaging Spectroradiometer evapotranspiration and the Gravity Recovery and Climate Experiment total water storage change. The bias, absolute error and correlation coefficient are used to quantify water balance performances at monthly and annual time steps. The results show that the absolute error in the YRB water balance was 18.1 mm/month and 152.5 mm/yr at monthly and annual time steps accounting for 20% and 14% of YRB precipitation, respectively. The three satellite products were combined through a water balance equation to estimate monthly and annual stream flow, which was in error by 19.4 mm/month and 76.7 mm/yr, accounting for 22% and 7% of YRB precipitation, respectively. Trends in YRB water balance components at annual time steps obtained from satellite products were in the range 83-318% of the corresponding trends from alternative datasets (e.g., ground-based measurements, land-surface modelling, etc.), which performed significantly better than monthly time series. The results indicate that the YRB water balance can be evaluated using multiple satellite products to a reasonable accuracy at annual time steps.
INTRODUCTION
Basin-scale water balance assessment is often subdivided into the following components: precipitation, evapotranspiration, river discharge and total water storage change (TWSC) (Maidment ), where TWSC represents changes in the water stored in both surface and subsurface domains. The evaluation of water balance components and their temporal trends is an essential requirement of water resources investigations of river and lake basins, in particular, for the development of effective management strategies for water and ecosystem services (Wilson et al. ) . Land-based measurements of these variables are restricted by several factors, such as the sparseness of meteorological and hydrological stations for precipitation and evapotranspiration observation, and the spatial heterogeneities inherent in natural systems (Pohl & Perhaps the most difficult component of a basin water balance to quantify from field measurements is TWSC. In March 2002, NASA launched GRACE satellites to measure earth's gravitational field with enough precision to infer variations in terrestrial water mass over large regions (Rodell et al. ; Tapley et al. ) . Relative to conventional in situ observations and other remote sensing methods, GRACE products derive integrated information on TWSC in terms of all surface and subsurface water components (Landerer & Swenson ) . three products as adopted in the current study (i.e., TRMM, MODIS and GRACE) to investigate the water budget of Tanzania. They concluded that only the long-term (i.e., 2003-2010) water balance could be evaluated using these products. Oliveira 
DATA AND METHODS

Satellite products
Three satellite products were employed in this study (Table 1) These were used to test the accuracy of TRMM precipitation.
The only evapotranspiration observation station, Qianyanzhou, 
Water balance analysis for the YRB
The water balance analysis of this study equates water storage changes to the sum of water fluxes entering and leaving a particular region, for the purposes of evaluating basin-scale water balance trends. That is, TWSC is compared to the residual of incoming precipitation, outgoing evapotranspiration and stream discharge (i.e., groundwater discharge into and out of the region of interest is neglected), which can be expressed as:
where P is precipitation (mm/month); ET is evapotranspiration (mm/month); Q is stream discharge (mm/month); ΔS is TWSC (mm/month).
TWSC can be determined from GRACE measurements (ΔS GRACE ), expressed as the difference between GRACE total water storage (TWS) for two consecutive months (Long et al. ) :
The GRACE TWS signal exhibited significant noise, and so a temporal three-point average window for the TWS time series, in a similar manner to Wang et al. (b) , was used in the current study.
The error in the implementation of Equation (1) using remotely sensed data is explored by comparing the left side components with ΔS GRACE . That is, the difference in water balance components on the left side of Equation (1) is firstly calculated by substituting P TRMM , ET MODIS and Q OBS for the respective Equation (1) variables, to obtain the residual ΔS WB (t) of water balance fluxes. Then, the water balance error ε(t) (mm/month) is estimated as the difference between this and the GRACE-based TWSC, as
simplified as
The average absolute error ( ε, mm/month) for a given period of n months is calculated as
The bias ( ε b , mm/month) is simply the time-averaged error:
Bias offers insight into over-and underestimation relative to alternative methods. The average P TRMM error ( ε TRMM , mm/ month) and bias ( ε TRMM,b , mm/month) are estimated by
Equations (4) and (5), except using the difference between P TRMM and P OBS as the error time series. The average ET MODIS error ( ε MODIS , mm/month) and bias ( ε MODIS,b , mm/month) are estimated in a similar manner, i.e. using Equations (4) and (5) and the difference between ET MODIS and GLDAS evapotranspiration. The error in GRACE TWSC ( ε GRACE , mm/month) is estimated by the GRACE measurement error and leakage error (Landerer & Swenson ) , which is provided with the GRACE TWS data. Equation (1) can be modified to make stream flow the dependent variable, allowing for an estimate of the spatial distribution in stream discharge Q RS (mm/month) for the YRB based on P TRMM , ET MODIS and ΔS GRACE . The resolution of Q RS is 1 W (the coarsest resolution among the three products).
Then, the error in Q RS, ε Q (mm/month), can be estimated as:
The error in Q RS is also estimated by Equations (4) and (5) to determine whether trends are significant at 95% (P < 0.05) and 90% (P < 0.1) confidence levels.
RESULTS AND DISCUSSION
Accuracy of TRMM, MODIS and GRACE water balance components
The accuracy of P TRMM was evaluated by comparison with the time series of P OBS from 160 meteorological stations in the YRB. Figure 2 shows that the resulting value of r for the match between P TRMM and P OBS was greater than 0.9 at 67% of stations, which indicates that P TRMM reproduces reasonably well P OBS across over 2/3 of the YRB. ε TRMM was lower than 10 mm/month at 74% of stations. As given in Figure 3 , the YRB ε TRMM,b value of 4.4 mm/month indicates that TRMM over-estimated ground-based precipitation. At annual time steps, ε TRMM was 54.3 mm/yr for the YRB (shown in Table 2 ), accounting for 5% of the corresponding P OBS . ε TRMM in the middle reaches of the YRB was larger than that in the upper reaches of the YRB at both monthly and annual steps. Scheel et al. () reported that precipitation is higher in the lower latitude and altitude areas (e.g., the monthly P OBS averages 72.8
and 107.1 mm/month in the upper and middle reaches, respectively), which tended to lead to larger ε TRMM . Nonetheless, ε TRMM for the two sub-basins was lower than 8% of the corresponding P OBS , and therefore P TRMM is considered to be reliable for application to the YRB at monthly and annual time steps. average of the four GLDAS datasets. At annual time steps, ε MODIS was 51.9 mm/yr for the YRB, which accounted for 5% of P OBS (shown in Table 2 ). ε MODIS for the upper reaches of the YRB was smaller than that for the middle reaches of the YRB at the two time steps. In addition, r was 0.95 (P < 0.05) between the monthly ET MODIS and ET OBS from Qianyanzhou station although the observed time series was short (Figure 4(c) ). ε MODIS,b shows that ET MODIS was 13.5 mm/month larger than ET OBS on average. ε MODIS was 14.3 mm/month, accounting for 16% of the YRB P OBS .
The spatial distribution in ε GRACE is illustrated in stations. These stations are about 900 km apart, and therefore, the significant time lag associated with Yangtze River flood waves will create stream flow differences at the two stations that are not necessarily a product of runoff from the middle reaches.
Water balance errors by satellite products
Among the three satellite products, the error of GRACE TWSC was the largest at monthly time steps, followed by MODIS evapotranspiration and TRMM precipitation (see ground-based and model-based values, and as such, are not subjected to the same uncertainties as the calculations of GRACE errors. Nevertheless, the error estimation method used in this study offers useful insights into discrepancies in the satellite-based water balance components.
The error in stream flow ( ε Q ) arising from combining water budget components from satellite products was 19.4 mm/month and 76.7 mm/yr for the YRB at monthly and annual time steps accounting for 22% and 7% of YRB P OBS , respectively. Table 2 shows that ε Q for the upper reaches of the YRB was smaller than that of the middle reaches of the YRB, at both monthly and annual time steps. In addition, the estimated stream flow was compared with observed values. ε Q2 for the YRB was 21.4 mm/month and 141.2 mm/yr at monthly and annual time steps and both were larger than ε Q . ε Q2 for the upper reaches of the YRB was larger than that for the middle reaches of the YRB.
The discrepancies between ε Q and ε Q2 reflect nonlinearities in the errors in stream flow obtained from the summation of satellite products that detract from the reliability of Equation (6).
Water balance errors ( ε) obtained using Equation (4) are shown in Table 2 . ε for the YRB was 18.1 mm/month and 152.5 mm/yr at monthly and annual time steps, accounting for 20% and 14% of YRB P OBS , respectively. ε values for the upper and middle sub-basins were similar at monthly time steps, accounting for 28% and 19% of YRB P OBS , respectively.
However, ε for the upper reaches of the YRB was much larger than that for the middle reaches of the YRB at annual time steps, accounting for 21% and 9% of corresponding P OBS , respectively. The reason was the larger overestimated TRMM precipitation and underestimated MODIS evapotranspiration in the middle reaches of the YRB than that in the upper reaches.
Changes in water balance components Table 4 shows the relationships between trends in satellite products and ground-based/model-based datasets for the YRB at monthly time steps. The only clear relationships were obtained for precipitation. This suggests that monthly time series of MODIS, GRACE and estimated stream flow
were not suitable for identifying temporal trends in these components of the YRB water balance, despite there being good correlations in the absolute values. Table 5 shows the comparison of water balance component trends using annual time series. For the entire YRB, the rates of changes It is important to highlight some of the main uncertainties in the results of this study. For example, given the lack of actual evapotranspiration observations, ET MODIS was compared with evapotranspiration by GLDAS to evaluate the This study evaluated the reliability of multiple satellite products used in a water balance equation, and found that the three products were more suitable for water cycle investigation at annual, rather than monthly, time steps. The current investigation is an improvement on previous studies that assess the accuracy of basin-scale hydrological components separately. This study demonstrates that water balance investigation using remote sensing products is a practical and informative undertaking that is expected to continue to evolve with refinements to inversion algorithms and the spatial and temporal resolution of datasets.
